We studied extracellular acid phosphatase activity (AcPA) of planktonic microorganisms, aluminium (Al) speciation, and phosphorus (P) cycling in three atmospherically acidified (pH of 4.5-5.1) mountain forest lakes: Čertovo jezero (CT), Prášilské jezero (PR), and Plešné jezero (PL) in the Bohemian Forest (Šumava, Böhmerwald). Microorganisms dominated pelagic food webs of the lakes and crustacean zooplankton were important only in PR, with the lowest Al concentrations (193 µg L −1 ) due to 3-4 times lower terrestrial input. The lakes differed substantially in Al speciation, i.e., in the proportion of ionic and particulate forms, with the highest proportion of ionic Al in the most acid CT (pH = 4.5). The P concentration in the inlet of PL (mean: 22.9 µg L −1 ) was about five times higher than in CT and PR (3.9 and 5.1 µg L −1 , respectively). Average total biomass of planktonic microorganisms in PL (593 µg C L −1 ) was, however, only ∼2-times higher than in CT and PR (235 and 272 µg C L −1 , respectively). Enormous AcPA (means: 2.17-6.82 µmol L −1 h −1 ) and high planktonic C : P ratios suggested severe P limitation of the plankton in all lakes. Comparing 1998 and 2003 seasons, we observed changes in water composition (pH and Al speciation) leading to a significant increase in phytoplankton biomass in the lakes. The increase in the seston C : P ratio during the same time, however, indicates a progressive P deficiency of the lakes. The terrestrial Al inputs, together with in-1ake processes controlling the formation of particulate Al, reduced P availability for planktonic microorganisms and were responsible for the differences in AcPA. At pH < 5, moreover, ionic Al forms caused inhibition of extracellular phosphatases. We postulate that both particulate and ionic Al forms affect P availability (i.e., inhibition of extracellular phosphatases and inactivation of P), specifically shape the plankton composition in the lakes and affect plankton recovery from the acid stress.
Introduction
Atmospheric acidification of geologically sensitive lake districts of the Northern Hemisphere has been one of the major challenges in limnology of the second half of the 20 th century (e.g., Schindler, 1988; Schindler et al., 1985) . Many mechanisms and processes of lake acidification and reversal from acidity have been suggested and experimentally tested during the last three decades. In particular, numerous negative effects of aluminium (Al) on different organisms and acidified lake ecosystems have been reported (e.g., Jansson, 1981; Schindler, 1988; Havas & Rosseland, 1995) . Not all questions, however, have yet been answered fully or satisfactorily. For instance, Brakke et al. (1994) point out that 'we have little information to address the important question of phosphorus (P) cycling'. No evidence that the internal P cycle is disrupted by acidification has been provided (e.g., Olsson & Pettersson, 1993; Schindler, 1994) , with the exception of experiments by Nalewajko & Paul (1985) , who observed significant depressions of photosynthesis and P availability in Al treated waters in the pH range of 5-7.
Small glacial lakes in the Bohemian Forest (Šu-mava, Böhmerwald) had been strongly acidified due to sulphur and nitrogen deposition before the 1990s and have been recovering from both acidity and nitrogen saturation afterwards, due to extensive reduction in emission rates of atmospheric pollutants in Central Europe (e.g., Kopáček et al., 2002; Veselý et al., 1998) . The lakes represent unique ecosystems, with con- spicuous dominance of microorganisms in their plankton at present (Vrba et al., 2003a, b) . As a consequence of anthropogenic acidification of the lakes, fish became extinct in all the lakes during the 20 th century, and pelagic crustacean zooplankton disappeared from most of them. Pelagic populations of Daphnia longispina (O.F. Müller, 1776) and Cyclops abyssorum Sars, 1863 have survived only in one lake (Prášilské jezero : Fott et al., 1994; Vrba et al., 2003a) .
The lakes have revealed all signs of severe P limitation, e.g., very high C : P and N : P molar ratios in seston and exceptionally high activities of extracellular phosphatases (Vrba et al., 1996; Hejzlar et al., 1998) . Kopáček et al. (2000a) published evidence for an abiotic mechanism controlling P mobility: In-1ake pH and alkalinity is increased compared to tributaries due to biological processes (e.g., assimilation of NO − 3 , decomposition, and dissimilatory reduction of NO − 3 and SO 2− 4 ) which affect the Al speciation. The ionic Al species supplied from terrestrial sources hydrolyse at higher pH in the lakes and form Al oxyhydroxides (Al part ), strongly binding orthophosphate (P i ). Unlike ferric oxyhydroxides, Al part complexes are not sensitive to redox changes and are stable under anoxic conditions. Hence, such P i binding to Al part is a powerful mechanism of P immobilisation in the acidified lakes (Kopáček et al., 2000a; Ulrich & Pöthig, 2000) . Jansson (1981) observed that high Al concentrations had an inhibitory effect on extracellular phosphatases at low pH, but they stimulated production of extracellular phosphatases by the plankton of acidified lakes (Jansson et al., 1986; Joseph et al., 1995) . We believed that this was also the case in the Bohemian Forest lakes where total Al concentrations peaked at ∼1000 µg L −1 (Čertovo and Plešné lakes) and ∼500 µg L −1 (Prášilské Lake) in the late 1980s (Fott et al., 1994; Veselý et al., 1998) . Bittl et al. (2001) , however, showed that the inhibiting effect of Al could not fully explain the extreme activities of phosphatases. Further analysis of the data suggested that the abovementioned mechanism of P immobilisation by Al part might be the complementary cause of the extreme activities of phosphatases. Sterner & Elser (2002) have recently proposed a fundamental role of chemical stoichiometry in ecology. One can deduce that, under excess of nitrogen, the distinct P stoichiometry (C : P ratio) of autotrophic and heterotrophic microorganisms or animals may cause serious constrains of the food web structure in the acidified lakes.
The present study proposes the existence of complex interactions between Al and P in three strongly acidified lakes. We suggest strong and complex effects of Al on P metabolism in the lakes. Moreover, we hypothesise that the changes in Al speciation may transmit, in particular through the plankton stoichiometry, impacts of other environmental factors, like pH or alkalinity, to the plankton.
Material and methods

Water sampling and analyses
We sampled three small glacial lakes in the Bohemian Forest (48
• 47 -49 • 10 N, 13
• 12 -13
• 52 E): Prášilské jezero (Prášil-ské Lake) in 1998, Čertovo jezero (Čertovo Lake) in , and Plešné jezero (Plešné Lake) in 1998 . The lakes are small, with surface areas of 4.2-10.3 ha, maximum depths of 16-36 m, and water residence times of 0.5, 2 and 0.8 years, respectively. The lakes are situated at elevations of 1028-1090 m a.s.l. in steep catchments, forested almost exclusively by Norway spruce (for details, see NEDBALOVÁ et al., 2006) . Samples of lake water were taken monthly at the deepest points of the lakes during the ice-free period (late April to October) from 0.5 m depth. The samples were filtered immediately through a 200-µm polyamide sieve (except for samples for chlorophyll, bacteria, and phytoplankton). Large zooplankton were sampled by several vertical hauls with a quantitative net (200-µm mesh size) of the Apstein type, and small zooplankton were sampled with a Van Dorn sampler from the epilimnion and concentrated by a plankton net (40-µm mesh size; STRAŠKRABOVÁ et al., 1999) .
Tributaries were sampled in 3-4-week intervals near their inlets to the lakes and the discharge was estimated by means of a bucket and stopwatch. Samples were filtered immediately through a 40-µm polyamide sieve to remove coarse particles. Each inlet sample was analysed separately and the element fluxes for each lake were obtained by linking discharge data with the corresponding concentration data by the method of period-weighted mean (LIKENS et al., 1977) . For Prášilské Lake, only seasonal data from 1998 were used; for Čertovo and Plešné lakes, the annual average inputs were measured in 1998-2003 and 2000-2003 periods, respectively. In the laboratory, samples were filtered with 0.4-µm glass-fibre filters (MN-5, Macherey Nagel) for the analyses of dissolved P and Al. Dissolved organic carbon (DOC) and particulate carbon (Cpart) were analysed with a LiquiTOC analyser (Foss/Heraeus) for the filtrate, and by combustion of the glass-fibre filter for the retained particulate organic matter, respectively. Acid neutralising capacity (ANC, Gran titration), pH, soluble reactive P (SRP, molybdate method), total P (PT) and dissolved P (PD) were analysed within 24 hours of sampling. PT and PD were determined by perchloric acid digestion. Particulate P (Ppart) was the difference between PT and PD. Fractionation of aluminium, i.e., total reactive Al (AlT), dissolved Al (AlD), and organically bound Al (Alorg), were analysed in non-filtered samples, filtered samples, and cation exchange treated samples after their filtration, respectively. Ionic Al (Ali) was obtained as the difference between AlD and Alorg. Particulate Al (Alpart) was the difference between AlT and AlD. More details on analytical methods are given in KOPÁČEK et al. (2004 KOPÁČEK et al. ( , 2006a .
Plankton analyses
All plankton samples (bacteria, protozoa, phyto-and zooplankton) were sampled, preserved, and processed according to STRAŠKRABOVÁ et al. (1999) with the exception of filamentous microorganisms .
Bacterial samples were preserved in 2% formaldehyde. Bacterioplankton were counted and sized after DAPI staining on black Poretics filters using an epifluorescence microscope (Olympus BX-60 or AX-70) and an image analysis system (Lucia D 3.52 or G/F 4.11, Laboratory Imaging, Aluminium affects food webs in acidified lakes S443 www.lim.cz). We quantified separately unicellular bacteria and used the line intercept method for quantification of the total length of bacterial filaments ). Finally, both items were converted to carbon biomass and added to calculate heterotrophic biomass (HB) as described elsewhere .
Phytoplankton samples (∼1 L) were preserved by acid Lugol's solution and pre-sedimented (5:1, except for Pleš-né Lake). Algal species were counted and measured in Utermöhl's sedimentation chambers on an inverted microscope (Nikon Diaphot). Individual cell volumes of the main species were approximated according to STRAŠKRABOVÁ et al. (1999) to calculate total algal biovolume; total biovolume of filamentous cyanobacteria was estimated in sedimentation chambers using the line intercept method . Total phytoplankton biomass (PB) was expressed as organic carbon using the conversion factor 0.2 mg C mm −3 (STRAŠKRABOVÁ et al., 1999) applied to the total phytoplankton biovolume (cyanobacteria + algae). Concentration of chlorophyll-a (Chl-a) was determined spectrophotometrically on Whatman GF/C filters after acetone extraction (LORENZEN, 1967 ); values were not corrected for phaeopigments.
Concentrated samples of zooplankton were preserved in 4% formaldehyde and processed as follows: Abundance of zooplankton was expressed as individuals per litre; size (length) of individual species was measured to estimate their biovolume (rotifers, nauplii) or dry weight (other crustaceans); total zooplankton biomass (ZB) was expressed as organic carbon using the following conversion factors: 0.5 mg C mg −1 of crustacean dry weight and 0.05 mg C mm −3 of rotifers and/or nauplii biovolume (STRAŠKRABOVÁ et al., 1999) .
Phosphatase assays
Two distinct fluorogenic substrates were used for detection of extracellular phosphatase activity. Hydrolysis of 4-methylumbelliferyl phosphate (MUFP, Sigma) was measured fluorometrically in lakewater samples. Saturation kinetics of bulk acid phosphatase activity (AcPA) was measured in a set of duplicate 4.0 ml subsamples supplemented with 0.5 ml of acetate buffer (in situ pH, 1 mmol L −1 final concentration) and 0.5 ml of MUFP solution (0.002-20 µmol L −1 final concentration). Samples were mixed and incubated at in situ temperature for 6 to 15 min (for details, see BITTL et al., 2001) . Fluorescence was read on a Spekol 11 photometer with a fluorometric device (Zeiss).
Hydrolysis of ELF 97 phosphate (ELFP, Molecular Probes) by individual microbial cells was detected according to NEDOMA et al. (2003b) . One-mL subsamples of lake water were supplemented with ELFP (20 µmol L −1 final concentration), mixed, and incubated at 25
• C for 30 min. Then each sample was immediately filtered through 0.8-µm Poretics filter over mild vacuum (< 20 kPa). Filters were inspected in an epifluorescence microscope (Olympus AX-70) and quantified according to NEDOMA et al. (2003b) . 
Statistical analyses
Results
Chemistry
Low pH (means of 4.51-5.11), negative ANC (means of −35 to −2 µeq L −1 ), and permanent P depletion (SRP of <1 µg L −1 ; mean molar C part :P part of 616-1043) in the epilimnion were common features of all lakes studied (Tab. 2). In contrast, the lakes differed in some chemical and plankton parameters, such as P T (means of 4.5-13.
, and plankton biomass and composition (Tab. 2, Fig. 1 ). As shown for Plešné Lake, most of the parameters studied have been changing consistently with the epilimnetic pH during lake recovery from acidity (Fig. 2) . The most remarkable change was the increase in the seston C part :P part ratios both in Plešné and Čertovo lakes during the study period (Tab. 2).
The differences in the lakewater composition among the lakes were due to distinct chemistry of their tributaries. Lake water pH and ANC were substantially higher than in tributaries (Tabs 2, 3). The difference in P D inlet concentrations into the lakes (Tab. 3) led to the lowest P D load for Čertovo Lake, slightly higher S444 J. Vrba et al. Explanations: Mean ± standard deviation; n -number of samples; ND -not determined; a Npart -particulate nitrogen (for methods see KOPÁČEK et al., 2004) ; b in most cases, SRP below detection limit; c in parentheses as % of the total microbial biomass (PB + HB = 100%). for Prášilské Lake but several times higher for Plešné Lake. Another difference among the lakes was in Al D inlet concentrations, with the lowest values for Prášilské Lake.
The studied lakes clearly differed in the subsequent fate of the incoming Al i . While Al T concentrations in the lakes were relatively stable, Al speciation changed seasonally, following changes in the lakewater pH. The lowest pH, and accordingly the highest Al i concentration, occurred in the lakes during spring snowmelt. The maximum Al i concentrations after the 1998 spring overturn reached ∼120, ∼520 and ∼550 µg L −1 in the epilimnion of Prášilské, Plešné and Čertovo lakes, respectively. While high Al i concentrations remained roughly stable in Čertovo Lake due to its stable pH throughout the 1998 season, the seasonal increase in lakewater pH (compared to tributaries, Tab. 3) caused the massive formation of Al part in the Plešné epilimnion (Tab. 2). Little formation of Al part was observed in Prášilské Lake, due to almost one-order-of-magnitude lower Al i concentrations (Tab. 2).
Small differences between P concentrations in tributaries and lake water were observed in Prášilské and Čertovo lakes, with the low formation of Al part (Tabs 2, 3). In contrast, mean epilimnetic P D concentrations were ∼10-20-times lower in Plešné Lake than in its tributaries, and SRP concentrations were <1 µg L −1 throughout the year (Tab. 2).
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3 . 9 ± 1.5 5 . 9 ± 1.6 22.9 ± 0.6
Explanations: Prášilské Lake = seasonal mean ± standard deviation (SD) for 7 samplings (May 25 -October 12) in 1998; Čertovo Lake = mean ± SD of annual averages for the 1998-2003 period; Plešné Lake = mean Fig. 2A) . These changes were accompanied by a significant increase in epilimnetic P T concentrations in Plešné Lake (Fig. 2B) , despite the stable level and low inter-annual P T variability in the tributaries (Tab. 3). In Čertovo Lake, we documented a significant drop in Al T concentrations (followed by a significant decrease in Al i concentrations) and increase in the variability of P T concentrations between 1998 and 2003 (Tab. 2).
Plankton
Zooplankton were negligible in terms of biomass both in Čertovo and Plešné lakes. Contrary, ZB in Prášilské Lake accounted for <10% in spring but >20% of the total biomass in the late summer (Fig. 1) . Both protozoa (data not shown; for the 1998 season, see Macek, 2002) and rotifers were usually scarce, accounting for a negligible proportion of the planktonic biomass in all lakes. Proportions of mean carbon biomass of both dominant plankton groups, i.e., phytoplankton (PB) and heterotrophic bacteria (HB), as well as their composition differed markedly among the lakes (Fig. 1) . Mean Chl-a values were roughly proportional to mean PB (Tab. 2) but their trends differed. Total plankton biomass (the sum of PB and HB) in Plešné Lake was two-times higher than in the other lakes (Tab. 2). We also observed a significant increase in Chl-a and both absolute and relative increase in PB in Plešné Lake between 1998 and 2001 (Fig. 2C-D) . Also in Čertovo Lake, a similar, but insignificant (P > 0.5), trend in Chl-a was evident between 1998 and 2003 (Tab. 2). PB always accounted for >50% of total biomass in Prášilské Lake and averaged ∼80% in Plešné Lake. In contrast, HB always exceeded PB in Čertovo Lake (Fig. 1) . The same phytoplankton species (mostly flagellates, cf. Nedbalová et al., 2006) generally occurred in all three lakes, but their dominance differed. In Čertovo Lake, two dinoflagellates, Gymnodinium uberrimum (Allman) Kofoid et Sweezy and Peridinium umbonatum Stein, dominated and Dinobryon spp. (Chrysophyceae) formed a summer epilimnetic maximum (for details, see Vrba et al., 2003b) . G. uberrimum dominated the phytoplankton of Prášil-ské Lake during the whole 1998 season. The phytoplankton of Plešné Lake differed markedly from those of the other lakes. The species structure of its phytoplankton was singular with a predominance of nonmotile forms: Monoraphidium dybowskii (Woloszynska) Hindák et Komárková-Legnerová (Chlorophyceae) accounted for ∼50-80% of PB, accompanied by two filamentous cyanobacteria (Pseudanabaena sp. and Limnothrix sp.) and P. umbonatum.
Filamentous microorganisms dominated the bacterioplankton of all three lakes. They were extremely long (usually >100 µm) and belonged mostly to Eubacteria as described elsewhere . The filaments contributed on average to ∼70-80% of HB in the epilimnion of all lakes except for the late summer period in Prášilské Lake (Fig. 1) .
Extracellular phosphatases
Concomitantly with the highest C part :P part and N part : P part ratios, the highest AcPA were found in Plešné Lake (Tab. 2). Generally for all lakes in 1998, V max values were in the range of 0.7-9.9 µmol L −1 h −1 and the apparent Michaelis constant (K M ) ranged from 1.0-5.8 µmol L −1 . The turnover time (T t = K M /V max ) of MUFP, usually shorter than one hour (range of 0.2-3.0 h), suggested a high planktonic need for P in all lakes.
Compared to 1998, the AcPA values increased in Plešné and Čertovo lakes during the study (Tab. 2). While the maximum values of 2001 and 2003 did not differ much from those of 1998 in Plešné Lake (Fig. 2) , 1998) . A-C, E-H: median, 25% and 75% quartiles (box), minimum and maximum (bars; framed are significant P values, Kruskal-Wallis test), note the same absolute scaling for Al forms (E-G); D -total plankton biomass and its composition (%, as in Fig. 1) ; n.d. -not determined.
Direct microscopic detection of extracellular phosphatases with ELFP (during 2003) showed that AcPA was not evenly distributed, neither in phytoplankton nor in bacterioplankton of Plešné and Čertovo lakes (cf. Nedoma & Vrba, 2006; Štrojsová & Vrba, 2006) . Phosphatase sites were usually detectable on heterotrophic filaments, some bacteria, both filamentous cyanobacteria, and certain algal species, in particular M. dybowskii, Koliella corcontica Hindák, Chlorogonium fusiforme Matwienko (all Chlorophyceae), Chlamydomonas sp. (Chlamydophyceae), Spiniferomonas abei Takahashi, Mallomonas sp. (Chrysophyceae), P. umbonatum and G. uberrimum. On the other hand, many bacteria and other algae, like Dinobryon spp. or Cryptomonas spp., did not exhibit any AcPA at all.
Discussion
This study is a comprehensive synthesis of data sets that have mostly been published elsewhere (Tab. 4). Regular data on lake water chemistry of the three Bohemian Forest lakes have shown the overall behaviour of dimictic lakes, but with some specific features due to their strong acidification. Full description of seasonal dynamics of each lake, however, goes far beyond this study, focused on the role of Al in P availability and plankton dynamics. Globally, the Bohemian Forest lakes represent a rather extreme situation, with Al levels much higher than found in most acidified lakes worldwide. Therefore, the lakes offer a unique opportunity for studying the complex effects of Al on the Aluminium affects food webs in acidified lakes plankton and its potential for recovery from acid stress. When evaluated separately, the AcPA data were too puzzled, without any clear correlation, neither with the seasonal development nor with the vertical distribution of plankton biomass (HB or PB) and/or Al speciation in the water column. Thus, we took advantage of this natural 'experimental lake area' and compared the average seasonal data from each lake on both inter-lake and inter-annual bases. The average C part :P part (616-1043) and N part : P part (59-78) molar ratios in the epilimnetic seston of the studied lakes were substantially higher than the average particulate C:P (306) and N:P (24) molar ratios of temperate lakes studied by Hecky et al. (1993) , indicating much stronger P deficiency of the plankton in the Bohemian Forest lakes. In accordance with the extreme AcPA and T t < 1 h, the highest C part :P part and N part :P part ratios indicated the highest P limitation in Plešné Lake (Tab. 2), despite of the highest inlet P concentration among the lakes (Tab. 3) . Surprisingly, the seston C part :P part ratios even increased in Plešné and Čertovo lakes between 1998 and 2003. This increase most probably reflected the recovery of phytoplankton in these lakes, i.e., an increase in PB with less homeostatic stoichiometry compared to HB (cf. Sterner & Elser, 2002) . The present AcPA exceeds most of the published activities of extracellular phosphatases reviewed by Bittl et al. (2001) and clearly indicates a persisting microbial struggle for P regeneration in the studied lakes.
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Aluminium effects
We hypothesise that Al may govern the P availability in the acidified lakes, as well as the food web structure through the consumers' and resources' stoichiometry (Sterner & Elser, 2002) . There are at least the following three major effects of Al on the plankton structure and dynamics in these ecosystems: (i) direct toxicity of Al for aquatic biota, (ii) inhibition of extracellular phosphatases by Al i , and (iii) inactivation of P by Al part . While this element is the most abundant metal in the lithosphere with a potential impact on biochemical evolution, its biogeochemistry in natural waters has been overlooked for a long time (Exley, 2003) .
Toxicity of aqueous Al species (e.g., Driscoll, 1985; Hörnström et al., 1984; Havas & Roseland, 1995) played an important role in the formation of the current food web structure of the Bohemian Forest lakes. The Al toxicity was the most likely cause of fish and zooplankton extinction during the acidification progress. This effect, however, differed among the lakes and crustacean species had survived in the less toxic water of Prášilské Lake (Fott et al., 1994) with the lowest terrestrial Al inputs (Tab. 3). On the other hand, this lower Al input has clearly affected the less severe plankton stoichiometry (i.e., low seston C:P) in this lake compared to the others (Tab. 2, this study; Nedbalová et al., 2006) , which might have been critical for the survival of, in particular, Daphina longispina (cf. Sterner & Elser, 2002) .
Several authors have already suggested the negative effects of Al i on AcPA (Jansson, 1981; Jansson et al., 1986; Joseph et al., 1995) or on the entire P metabolism of an alga (Rai et al., 1998) . In laboratory experiments with artificial lake water, Bittl et al. (2001) observed a synergistic effect of pH (between 4.0-5.2) and Al (0-1000 µg L −1 ) on AcPA of the plankton >2 µm (on filters) from Plešné Lake. They found a significant reduction of AcPA in the presence of Al i compared to the control without Al and suggested a direct inhibitory effect (competitive or non-competitive) of Al i on extracellular phosphatases. Thus, such an inhibitory effect of Al i on AcPA depended on both Al i concentration and pH, and should be even more pronounced at the lower natural substrate concentrations in the lake water (Bittl et al., 2001) . If the competitive effect of Al i controlled AcPA, a drop in Al i should be accompanied by a decrease in AcPA due to reduced P deficiency. In other words, a release from the Al i inhibitory effect should reduce microbial overproduction of the extracellular phosphatases (Jansson, 1981) . However, such a general correlation was not observed in the lakes under study, where the conversion of Al i to Al part was likely pH-controlled at relatively stable Al T concentrations.
On the other hand, natural P immobilisation by Al part has been recently recognised as a common and important mechanism in any water body with elevated Al input and a pH gradient between its inlet and outlet Fig. 3 . A chart flow model of major fluxes and relationships between carbon, phosphorus and aluminium forms in the pelagic zone (epilimnion) of acidified lakes (for abbreviations, see Tab. 1). Black, grey and white arrows from left indicate major inputs of P, Al and DOC, respectively, from terrestrial and atmospheric sources. The arrows' thickness and blocks' size indicate the relative importance of particular fluxes and chemical forms or microbial biomass, respectively. Their actual proportions, however, differ among the lake studied (see Tabs 2 and 3, Fig. 1 , and the text for details). The major processes involved are numbered as follows: 1 -Photosynthesis supplies autochthonous DOC; 2 -Summer photodegradation of allochthonous DOC liberates additional substrate for bacterioplankton (HB); 3 -The same mechanism liberates Al i from Alorg; 4 -pH (in-lake ANC generation) controls further hydrolysis of Al i to Alpart; 5 -Enzymatic hydrolysis of Porg by extracellular phosphatases represents an overall mechanism of P i regeneration in the P-deficient lakes that is impaired as well by Al i at pH <5, however, most of AcPA actually is largely species-specific and localised on the surfaces of microbial cells; 6 -Bacterioplankton are superior to phytoplankton (PB) in P i uptake at its low concentrations; 7 -Phagotrophic mixotrophs take advantage of bacterivory in P acquisition; 8 -P i binding to fresh Alpart represents an important mechanism of abiotic in-lake P immobilisation; 9 -Sedimentation of Alpart-P complexes represents a significant P loss from the water column (besides an outlet output). While the lake sediments represent the major sink of P, both filaments and mixotrophs may represent other (seasonal) P sinks in the plankton biomass.
were superior in Plešné Lake; both Al i and Al part were important in governing P availability (and thus AcPA) due to high input and variable in-1ake speciation of Al (Tabs 2, 3). The AcPA levels, however, reflected both the reduced P availability (more phosphatase is needed to gain P at elevated Al concentrations) and the amount of microorganisms. Consequently, the highest AcPA in Plešné Lake resulted also from the highest abundance of phytoplankton due to the highest P and SRP inputs into this lake (cf. PB and total plankton biomass in Fig. 1) .
In contrast to Plešné Lake, heterotrophic microorganisms dominated the plankton and were the major phosphatase producers in Čertovo Lake, with low seasonal and spatial variation in the lake chemistry (conservative Al speciation) and small seasonal plankton dynamics. Apart of decreasing Al T concentrations, the P immobilisation by Al part has become more powerful during a lake recovery (due to a more pronounced pH gradient) and apparently enhanced AcPA (cf. 1998 and 2003 in Tab. 2).
There was neither any significant relationship between bulk AcPA to plankton biomass, nor any correlation between biomass-specific AcPA with either PB or HB, in any of the lakes. The qualitative microscopic detection (using ELFP) showed obvious differences in species-specific AcPA, which may explain such a weak relationship. Only part of the present microbial populations expressed extracellular phosphatases, as suggested by two 2003 seasonal studies on (i) group-specific AcPA in the bacterioplankton of Čertovo Lake (Nedoma & Vrba, 2006) , and (ii) cell-specific AcPA in the M. dybowskii population of Plešné Lake (Štrojsová & Vrba, 2006) . These results showed that, besides the green alga M. dybowskii in Plešné Lake, certain distinct bacterial morphotypes usually were the major producers of extracellular phosphatases, while only some phytoplankton species were active but not always those dominant ones. Rengefors et al. (2001) and Štroj-sová et al. (2003) reported similar observations in Pdeficient phytoplankton of an oligotrophic lake and a eutrophic reservoir, respectively.
Aluminium affects food webs in acidified lakes
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The formation of Al part strongly affected both AcPA and seston stoichiometry, suggesting that this process controlled availability, regeneration and cycling of P in the acidified lakes. When acidification peaked in the Bohemian Forest lakes (pH ∼ 4.5 and Al T ∼ 1 mg Veselý et al., 1998) , planktonic microorganisms likely released more extracellular phosphatases to overcome an inhibitory effect of Al i . Circumstances probably have become even more complex during the recent reversal of the lake chemistry from acidity (Fig. 3) . At pH > 5, the in-1ake concentration of Al i , supplied by more acidic inlets and by photochemical liberation of Al org (Kopáček et al., 2005) , decreases due to Al i hydrolysis, thus increasing the pool of Al part that binds P i released by the phosphatases. We suppose that the P metabolism of plankton microorganisms is most severely stressed at pH ∼5 due to the simultaneous effects of both Al i and Al part , occurring at the 4.5-5.2 pH range. Such critical pH gradients are actually common between inputs and outputs of all the lakes studied.
Phosphorus cycling and food web structure in the pelagic zone We suggest that the plankton (i.e., total biomass, its allocation in HB and PB, presence of zooplankton, species diversity, stoichiometry, and food web structure) are influenced by the interplay of Al effects and P availability. Both primary and bacterial production increased along a trophic gradient of the lakes: Čertovo-Prášilské-Plešné (Nedoma et al., 2003a) . On seasonal average (1998), phytoplankton exudation accounted for 18%, 17%, and 11% of total primary production, respectively, and could hardly cover the carbon demand of bacterioplankton in any lake (Nedoma et al., 2003a) . Unlike most freshwater lakes, filamentous microorganisms dominate bacterioplankton of the Bohemian Forest lakes. The abundance of unicellular bacteria (range: 0.5-1.2×10 6 cells mL −1 , see Vrba et al., 1996 Vrba et al., , 2003b Hejzlar et al., 1998) , however, matches common values of oligotrophic to mesotrophic lakes. Epilimnetic bacteria, present in high biomass, utilise also photodegraded allochthonous DOC (Kopáček et al., 2003; Porcal et al., 2004) . Both low P supply (or availability) and allochthonous DOC input can alternate or interplay in the bottom-up control of the plankton dynamics in the lakes . On the other hand, any top-down control of the pelagic community by insect top-predators is unlikely; it cannot explain the very low ZB neither in Čertovo nor in Plešné lakes (cf. Nedbalová et al., 2006) . Generally, the less P T in the studied lake, the higher was the proportion of HB to the plankton biomass. In Čertovo and Prášilské lakes with lower P T inputs, phototrophic and mixotrophic flagellates dominate PB, likely taking advantages from their motility and/or phagotrophy . Contrary, the higher P T and/or SRP input to Plešné Lake likely favours some non-motile algae (Monoraphidium dybowskii, Koliella corcontica) and filamentous cyanobacteria, which slowly sediment from the euphotic layer during the summer stagnation period. Hence they form conspicuous hypolimnetic maxima of both Chl-a and PB (Nedbalová & Vrtiška, 2000) and even AcPA (Hejzlar et al., 1998) . The sedimenting PB represents the dominant (biotic) P loss from the water column. This mechanism is of a great importance in Plešné Lake, representing a net sink of all nutrients and removing ∼50% of TP and DOC (Kopáček et al., , 2006b .
The dominance of Monoraphidium dybowskii and cyanobacteria in the acidified lake is not usual. Another cyanobacterium, Merismopedia tenuissima Lemmermann, accompanied by Monoraphidium griffithii (Berkeley) Komárková-Legnerová and M. dybowskii were found in some Swedish lakes with pH 6.0-6.5 (Rosén, 1981; Blomquist et al., 1993) . M. dybowskii was also reported from acid lakes (pH < 5.3) with an especially rich nutrient supply (Hörnström et al., 1984) . Its importance in acid waters was explained by the fact that its growth was not affected by high concentrations of toxic Al (Hörnström et al., 1995) . All these features, in particular the high terrestrial inputs of both Al and P, fully applied to Plešné Lake as well. On the other hand, the dominance of Pseudanabaena sp. and Limnothrix sp. has so far never been recorded in acidified lakes.
The high proportion of HB (typically > 40%) in the studied lakes resulted in significant amounts of P retained in the bacterioplankton and, thus, more favourable C:P stoichiometry (Tab. 2). Some mixotrophic flagellates, in particular Dinobryon spp., most likely covered their P demand by phagotrophy on bacterioplankton as suggested by Jansson et al. (1996) . This alternative strategy of 'eating their competitors' (Thingstad et al., 1996) was successful in the epilimnion of Čertovo and Prášilské lakes during the 1998 season when the Dinobryon grazing on singlecelled bacteria drove the bacterioplankton to the cell elongation and characteristic filament formation . In the absence of zooplankton, these filaments dominating HB represented an important sink of P for other pelagic microorganisms in the Bohemian Forest lakes. Consequently the defence strategy of bacterioplankton provided another benefit in their competition for P.
Plankton recovery
The rapid decrease in Al T concentrations (by ∼50% during the last two decades (Veselý et al., 1998) is the most significant change in lakewater chemistry of the Bohemian Forest lakes during their reversal from acidity. If Al is the major factor stressing the lake ecosystems, we should observe certain biological improvements after such a decline in Al concentration. It is worth mentioning in this context that Al concentrations in the Bohemian Forest lakes peaked at higher values than in other acidified lake districts (e.g.,
S450
J. Vrba et al. Jansson et al., 1986 ) and the recent Al T concentrations are still very high (Tab. 2). Hence, P cycling remains limited in the lakes. Nevertheless, this study suggests a phytoplankton recovery in Plešné Lake ( Figs  2C, D) . The changes in lakewater chemistry (higher pH and reduced Al i toxicity) and increasing food resources (PB) were accompanied by a significant increase (by 2-3 orders of magnitude during the 1990s) in the numbers of pelagic rotifers (Nedbalová et al., 2006) . Overall, our results appear to be of particular interest in the debate on possible oligotrophication during acidification. Olsson & Pettersson (1993) critically reviewed relevant hypotheses and concluded that 'acidification, generally, did not result in significantly decreased P concentrations or phytoplankton production'. If the term oligotrophication concerns the P T content or the total plankton biomass in the lake, then we could hardly prove any oligotrophication (at pH between 5.5 and 4.5). On the other hand, if the term is restricted to PB or Chl-a, some 'oligotrophication by acidification' or 'eutrophication by recovery' was observed similarly to some cases reported by Olsson & Pettersson (1993) . Unlike the cases reviewed by Schindler (1994) , our data suggest that the internal P cycle of the lakes can be disrupted by acidification because Al affects P availability and utilisation by the plankton. The 2001-2003 results from Plešné Lake have revealed a significant increase in P T concentrations, likely caused by higher PB (Fig. 2) ; however, the impaired resources' stoichiometry may prevent a recovery of cladoceran zooplankton. We argue that many former acidification studies have neglected or overlooked the role of bacterioplankton at all. We have to emphasise in this context that neither the decline in the number of phytoplankton species nor the appearance of benthic algal mats (Schindler, 1994) were observed in the lakes under study. On the other hand, the heterotrophic filaments in plankton are characteristic for the acidified Bohemian Forest lakes (Vrba et al., 2003a, b) .
To conclude, the present study demonstrates the key role of aluminium in overall phosphorus availability, food web structure, plankton dynamics, and recent recovery of chronically acidified lakes of the Bohemian Forest. The inter-lake comparison suggests that the Aldriven processes seriously affect stoichiometry of resources and consumers, as well as functional diversity of the acidified ecosystems.
